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ABSTRACT 


Rock slope stability is a complex problem that is 
becoming more important as ever higher slopes are being 
Brena. A considerable amount of theoretical work on the 
topic has been published anda literature review of that 
work is presented. To gain confidence in the application of 
the theoretical models to design, case histories are 
required to confirm the assumptions of the models. The 
purpose of this thesis is to present in detail three case 


histories of failures of rock slopes. 


The small slides studied were chosen £OE their 
Simplicity. In two of “the cases the: failure surface was 
fully exposed and accessible for measurement and 


observation. 


Details of sampling procedures, sample preparation, and 
direct shear testing to obtain strength parameters are 
given. It was found that repeated testing on a single sample 
and testing of small samples gave consistent, reasonable 
results so that a large number of tests were conducted on a 
relatively small amount of sample. It was found also that 
the test results could be interpreted equally well by a 


straight line or a power law strength envelope. 
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As in many case histories in soil mechanics, all of the 
details of the failures were not known and some assumptions 
had to be made. One of the case histories had a calculated 
factor of safety of about 0.9. This value is felt to be 
reasonably close to the anticipated value of unity, and 
would indicate that the methods followed and the assumptions 
made in this case history were reasonable. In particular it 
indicates that the maximum shear strengths measured in 
direct shear testing governs the field behaviour, at least 


at low normal stresses. 


The other case histories had calculated factors of 
Batetyrof aboutenons./ (2£. is felt “that the pre-failure 
geometry was probably more complex than had been assumed for 
these cases. These caSe histories indicate that back- 
analyses of slides to obtain strength parameters, in which 
all of the failure details are not known, may lead to an 


estimate of strength parameters on the unsafe side. 
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Possible failure conditions in rock slope 


with computed factor of safety less 
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The stability of natural) and cut rock slopes is one of 
the major problems facing engineers on A mining and 
construction sites. Loss of life, damage to property and 
severe financial consequences can result from _ slope 
failures, especially with the increasing size of excavated 
Slopes being constructed or planned for the immediate 
future. Considerable research effort has been applied to the 
problem of rock slope stability in recent years, and the 
importance of rock mechanics has been recognized by 


professional societies throughout the world. 


Patton (1966a) indicated that research on rock slope 
stability has frequently increased after age Slides have 
occured that involved the loss of lives. The disastrous 
Vaiont slide of 1963 certainly indicated a real need for 
investigations into all aspects. of rock slope stability. 
Moreover the present research effort will likely he 
sustained by the added incentive of economics. Development 
of large equipment is allowing the construction of large- 
scale open pit mines. Brawner (1971a) indicated open pits 
are being planned up to 3000 feet deep. With such deep pits, 
excess excavation costs can be as high as 5 to 15 million 


dollars per degree of slope. 
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Much of the recent work that has been published deals 
primarily with theoretical models. However to have 
confidence in these theories and their application to real 
rock slopes, case histories using the theories must be 
undertaken. Brawner (1971a) stated the situation clearly. 
"We are desperately in need of case studies and analysis of 
field failures to test theoretical concepts. Only then will 


real practical progress be made." 


The purpose of this thesis is to attempt to make a 
gontrabutionicor filing this need. Chapter!) 2 .presents a 
literature review of rock slope stability. The geological 
settings and geometries of three small slides are given in 
Chapter 3. Chapter 4 describes the sampling and testing 
procedures followed to obtain strength parameters for the 
materials involved in the slides. Analysis of the slides and 
discussion) of) sthe results /are “given: ani Chapter)5 anda 


summary of the thesis is presented in Chapter 6. 
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Slope. | oc ena tity “considerarions in “hard ‘rock “ first 
became common in the engineering literature during the early 
part of the 1960's. Terzaghi (1962) calculated the 
treoreti cal critical height of a vertical slope of solid 
rock to be in the order of 4260 feet. Since such heights are 
not common ape nature it must be inferred that 
diseontinuities control the stability of most rock slopes. 
Terzaghi mentioned most of the other factors that are 
DMportant “in ‘rock. slope stability, v.¢. geometry of 
discontinuities, groundwater pressures, CONtAnULty OL 
joints, time effects, and stresses due to excess relief. de 
did not mention seismic effects or residual stresses and 
considered strength as purely frictional (except for lack of 
continuity of joints). (Although the term joint does have a 
specific meaning in geolgy, it is commonly used to refer to 
all types of discontinuities in rock in the rock mechanics 
litreature. Herein joint will be used interchangeably with 


discontinuity). 


About the same time John (1962) introduced the work 


done in rock mechanics in Central Europe to the English 
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literature. He defined rock mechanics <br beh "a mechanics of 
a discontinuum, that is, a jointed medium," and defined 
several basic terms such as rock mass, degree of jointing, 
andieextent Soft “joints He valso listed the important 
engineering features of a rock mass as: "(1) homogeneous 
zones, (2) rock type, (3) geological separations, (4) 
orientation of geological planes, (5) width of separations 
(apertupeye{6) jomnt stirfdcespapy7pasjointsptillings, (8) 
distribution and extent of joints and sets of joints, and 
(9) water conditions." He recommended that joint orientation 
be analyzed on an equal-area plot and presented a method of 
classification for rock based on the compressive strength of 
Hheshrockensubstances andhethe *ospacing#*to£ joints. “iIn’their 
discussion of John's paper Bjerrum and Jorstad (1963) felt 
"it is most unlikely that it will ever be possible to obtain 
reliable determinations of the data required for a 
theoretical calculation," primarily because of the time 
effects, such as a seasonally fluctuating water table that 
could lead to irreversible deformations by extension of 
fractures. Time effects would not appear to be a dominant 
features inn *cufessldpes; , Open-pit® ninetsslopes are*°only 
designed for relatively short life spans. Long-term cut 
slopes, such as around permenant structures, are designed 
withutawehigherPofactor ofisdietyi/Tite effect failures dare 


unlikely at the lower stress levels in a slope with a high 
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factor of safety. The abundant work, both in practical 
design and theoretical research, that has been done 


recently, indicates a more optimistic view of slope design. 
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Frobably the most important aspect of the 
discontinuities in a rock mass are their orientation and 
position in relation to a slope. All discontinuities within 
a rock mass cannot be measured, therefore extrapolation of 
measured data is necessary. Measurement of joint 
orientations can be done most easily 2p outcrops, 
excavations or adits. Details of line survey techniques are 
given by Piteau (1970). For design of new slopes, or for 
sampling within a slope, borehole techniques are used. To 
maximize core recovery, +triple-wall core barrels are 
preferred to single- or double-wall barrels. Core recovered 
from a borehole, and oriented by paint dribbles in an 
inclined hole or by devices such as the Craelius instrument 
(Bridges and Best,1971), can be used for fracture 
measurements. Alternatively, or preferably in conjunction 
with oriented core, the borehole can be used for joint 
measurements. Downhole cameras (John, 1958) and borehole 


periscopes (frainer and Eddy, 1964) have been used for 
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direct observations while acoustic logging tools have been 
develcped (Myung and Baltosser, 1972) LOG indirect 
measurement. Sampling along a line produces a bias in the 
data which must be corrected (Terzaghi, 1965). On large 
projects the amount of data collected in a comprehensive 
survey can be very large. To handle the data, computer 
methods have been devised (Robertson, 1976). Most writers 
Pod2carve. that the majority of joints’ occur insets: in which 
the joints are sub-parallel. The computer programs can sort 
data to determine significant patterns. On projects covering 
large areas there may be variations of the jointing pattern 
over the area studied. Piteau ad Russell (1972) have 
indicated that a cumulative sums technique is useful for 


detecting these changes. 


Spacing of joints (degree of Tena antedsl ty) can 
be important in relation to the size of the cut to be made. 
Most writers use an average spacing, but Snow (1968,1970), 
using water loss measurements in packed boreholes, indicated 
that spacing is skewed, approximately following a Poisson 
distribution. The sheeting joints formed roughly parallel 
with ther “surface of ‘igneous ‘rocks have .been’ found to 
increase in spacing with depth from the surface (Bjerrum and 


JOrs cad, h1S63)%. 
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Continuity 


If a joint does not form a continuous failure surface 
ehrough a slope, failure must’ occur through portions of 
intact rock. Since joints are inherently much weaker than 
antact hard rock, discontinuous failure surfaces. are ~<much 
stronger than continuous ones. Continuity is probably the 
ROSE CrEricule, property of “a Jjoint to- determine, An 
indication of continuity can be gained from measurements in 
adits. Robertson (1970) indicates average joint lengths in 
homogeneous igneous rocks is in the order of one to six 
feet, but does not indicate the length of the gaps between 


joints. 


The slides that were considered in this study showed 
that joint surfaces were continuous over at least a full 
bench height (about 50 feet). The ores present on joint 
surfaces were deposited by hydrothermal deposition (Kimura 
and Drummond, 1269)h7 suggesting that there is some 
interconnection of joints to considerable depth. Very few 
cases of design of actual slopes in hard rock are reported 
in the literature, and the few cases that are reported (eg. 
Wallace et al, 1969) make no mention of the effects of lack 
of continuity along the joints. Either the effect is assuned 
not to be present, i:e. the joints are’ continuous, or. the 


design is conservative. 
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Groundwater 


Groundwater can exist in three basically different 
Situations in jointed rock masses. The water can be present 
inf ivoids hin }thesrockssubstance,cinyvoids«iny jointyfillings, 
and in open joints (Mueller, 1963). Wittke (1970) reported 
that work by Louis showed that the permeabiltiy coefficient 
Om “intact crock. Waseihertlevéorderhi of tal Test toeed40r! 34¥ycn/s 
(centimeters per second) and that of jointed rock with one 
set of plane parallel joints, having openings of 0.1 to 0.6 
mm and approximately 1m spacing was in the order of 10-* to 
10-1 cm/s. Therefore the rock substance can be considered 
essentially impermeable, and the effects of groundwater in 
the voids in the rock substance can be considered 
negligible. Water in the voids in joint fillings can affect 
the properties of the fillings. These effects can be 
considered by soil mechanics technigques. However it is the 
water in open joints that can have the greatest effect on 


SLope stabi d4aty. 


In theory groundwater can affect slope stability in 
several ways. It could reduce the strength characteristics 
of the material of the joints, reduce normal stresses across 
jotntsplacreateweadditi onalnt forceseaonrethermassrbyyfilliag 
tension cracks, and create seepage forces on the mass. Horn 


and Deere (1962) found that frictional characteristics of 
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very smooth mineral surfaces were affected considerably by 
the espreséeénce fof olwater,: © but iCoul son” (1972) .fownd “that ‘for 
rock surfaces (as opposed to pure mineral surfaces) 
coefficients of friction for wet and dry surfaces normally 
differed by 19% or less, even for surfaces ground with #600 
grit. Most natural joint surfaces are rougher than this, so 
that the effect of water on coefficients of friction should 
be negligible. Mueller (1963) indicated that seepage forces 
are relatively unimportant in rock slope stabmUiry 
Therefore the main effects of groundwater on stability, are 
the reduction of normal stress (effective stress) and the 
creation of additional lateral forces on the mass. It must 
be remembered, however, that these effects are a result of 
the pressure in the water, not the quantity of flow of 
water. Flow may be so little that water disappears from the 
surface by evaporation and gives a false impression that 


water would not be important in the slope. 


It is generally agreed in the literature that a purely 
theoretical approach to groundwater studies is problematic 
due to the difficulty of measuring field permeabilities of a 
jointed rock mass. The general approach has been to measure 
water pressures within a slope with piezometers and 
interpolate between the points of measured pressure with an 
anisotropic theoretical Soluticrmriitted tte rMie4eiicid 


measurements (Lyell, iGO) . Lyell gave details of 
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installation and testing of porous tip piezometers. Other 
Pypes Of] plezonetersy suchsasaainyytransduceryt and, vibrating 
wire types can also be used. The positioning of piezometers 
depends on geological and groundwater conditions of the 
area, as well as the) position of “potential failure .|zones. 
This method is mainly applicable to existing slopes. For 
application to design of slopes, permeability must be 
measured more directly. Several authors (e.g. Maini et al., 
1972) have used flow-rates from pressurized, packer-isolated 
sections of boreholes to estimate permeability of jointed 
EOocK, but interpretation of results Ree Ort taCule. 
Morgenstern (1971) listed some of the factors giving rise to 


problems in the determination of field permeability. 


Perched water tables can be encountered in layered 
sequences or beneath impermeable ieeorena ties: Those can 
be accounted for in more complete theoretical models (Lyell, 
1970). The permeability of zones of rock may increase due to 
the opening of joints when the rock mass is unloaded because 
ef the cutting of j¢ slope. (Tferzagni,. 1962). Baercvum «and 
Jorstad (1963) indicated that failures are most prevalent 
during pervods of. high infiltration, 1.6. dunang speriods)) of 
snow melt and also periods of high rainfall. In addition, 
freezing of the slope surface can cause excessive water 
pressure build-up within a slope. Because of the problems of 


predicting water pressures ina slope, piezometers should 
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always be installed in a slope to monitor water pressures if 


it is felt that water pressures might be important. 


If groundwater pressures are a factor in the stability 
of a slope, drainage can improve the stability. A possible 
additional benefit in blasted slopes is the reduction in the 
number of wet holes which require more expensive explosives. 
Several methods of drainage are available. Hoek and Sharp 
(1970) listed these as: 

"(1) Vertical boreholes with pumps 

(2) Drainage galleries behind the slope, with or 
without supplementary boreholes drilled from 
the gallery,and 
(3) Horizontal or near horizontal boreholes 
drilled from the slope face." 
The optimum location and size of drainage galleries has been 
investigated by Sharp (1970)... Brawner (and  Huculak (1961) 
provided details of the use of horizontal drains. Hoek and 
Sharp (1970) also emphasized the importance of control of 
surface water, to prevent its flow into vertical cracks and 


joints, which would otherwise create horizontal loads on 


possible failure biocks. 


The ("times effect" iniss the reductioncofsthesfactorvof 
safety of a slope over time due to gradual deterioration of 
the slope materials and adjustments towards equilibrium of 


stresses induced by unloading of the slope. The existence of 
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the time effect was shown in the studies of Bjerrum and 
Jorstad. However two aspects are most important: (1) the 
length of time involved, and (2) magnitude of stresses in 
relation to failure stresses. The failures studied by 
Bjerrum and Jorstad ote on slopes forned by glacial ice, 
thousands of years ago. It is not reasonable to design 
slopes on the basis of strength that might exist thousands 
of years in the future. Secondly, fatigue failures, creep 
and internal stress readjustments are important only at near 
failure PERE ae Ss and long-term slopes in strategic 
locations are usually designed with a higher factor of 


safety, reducing the possibility of time effect failures. 


i ee ee 


Residual stresses are generally felt to be unimportant 
in slope failures as horizontal stresses are almost totally 
relieved by relaxation resulting from the slight opening of 
joints caused: aby. -unloading,; ofuthesslopen (Hoek, 91971¢c)s It 
has been suggested that a quasi-tectonic stress can occur 
due to the presence of mountains around a pit (Kim and 
Daemockhia9I7T 2nd but at Psonot cléarathdttthenefiecetefofhedthas 
stress daffers afroteranceactualcttectonret istress. dyShope 
geometry has an obvious effect on stability. A slope concave 
in plan gives increased lateral constraint, increasing the 


Stebiiity of the slope. Pitedur and Jennings (1970) showed 
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that the 'big holes' of Kimberly could sustain higher slope 
angles if the radius of curvature was smaller. Conversely a 
convex surface reduces lateral constraint leading to 
instability. Brawner (1971b) gave details of a slope failure 
of a promontory that projected out of the slope of an open 
pit mine. Blasting to create a slope can have two 
detrimental effects; the increased fracturing of rock, and 
dynamic effects. Control blasting can reduce the fracturing 
of final slopes. Bauer and Calder (1971) indicated three 
methods that can be used; cushion blasting, pre-shearing, 
and buffer blasting. Pre-shearing the slope is the most 
expensive but also gives the most satisfactory slope. An 
important advantage of control blasting is the reduction of 
costs due to less excavation by the elimination of over- 
break. Dynamic effects include the acceleration of the rock 
mass and high joint air or water pressures. Dynamic effects 
can be considered in an analysis by statical methods by 
adding horizontal acceleration forces and possibly pressure 
increases or by dynamic methods in a finite element analysis 
(at \least in principle) provided the data required is 
available. Seed et al (1969) indicated the nature of bedrock 
motions and gave a reference list of applications of dynamic 


methods in soil. 
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2.3 Strength of joints 


As was indicated in the introduction to this chapter, 
the stability of most rock slopes is dominated by the joints 
within the slope. Therefore the strength of the joints are 
an essential factor in any rational analysis of rock slopes. 
Natural rock joints can be of various materials, can have 
several orders of roughness, can have bridges which contain 
solid rock, and may be infilled with foreign oor weathered 
material. All of these factors cause variations in the 


strength, of joints. 


Infillings of gouge and clay can be treated with the 
methods of soil mechanics. For reasonably rapid rates of 
failure these materials will be undrained because of their 
low permeability and their strength can be considered purely 
cohesive. However model tests reported by Goodman (1970) 
indicate that thinner layers of infilling, even if they fill 
a joint completely, may be affected in their strength by the 
presence of the solid material of the walls of the joint. It 
is therefore desirable to test such joint materials within a 


sample containing the joint walls. 


In theory at least rock bridges ina joint can increase 
the ‘strength of 4 joint considerably. This .effect...can ‘be 
treated simply as.an effective cohesion as done by Terzaghi 


(1962) or more completely as a tension-shear phenomena as 


14 


eh 


ue 
~serqeds. -aidt oF. ae 


vt ae ee 
oe 2 
“4 1 Oe at | ae 
2 bee oa 8 FEL disse » 
a Me LY 


7" 
The 
: D 
J he : ._ 
1 ‘ 


On Mg 


‘ 
einiot ant vd badeditds ae soaide) ed t 
sts atarot edt 20 dapdadte eat ‘totes . 
we on ey 
.soqole #oor Bo aterisne Hewat ris de soeae § 
svad 155 ads bret en euovaev to ed ‘8d statet A902 
.. ‘3 : 
fistao> tio taw aaphictd ave 16D \seoindnhs 1 to rakes ES. 
fete x ie 
fetsd7se*¥ To aptosot Aview ‘apd mt he ot yee Bite, 


af+ af efokgsiasy s20s5 dove nana io. tte 


oft <dgdiv SAetpomt., ad-nso er has oun peabe: souks hat ig 
to estst bigs yidedveees: 10% 2oate dead) Doe ‘hes , 
tied to  eavens! fentsxiau od fifty paleo wenesien: 
(Sateen betebterteo od mo: lesen sh age wel bf BILE q 
(OTe) mawheod yd betromem ateeds febom = mene. ~~ ¢ a 
Lid} yodst 25 aoe 4 DM: ceed 10 azevel SNe bit | Sade | 
od? yd dopncate thadt ai Betoe Pes od. vam ‘vibe satiety i a 
tt .tatot ont Yo ehlew dt to Labusten billor od 2d on 

& sidsiw eisizos 6a tubo dum sa ii ‘as a ions sil ’ 1 ve 


ee 7 “alin tito Bd eataknsnes 
um ie = 


a) “saseral ‘GA2 ta tot 5 ae asking’ deo: na ative t 
oe nea gnats e.batt -ritmeebtenoe #ntot 5 Ye 


a 
‘ ks 


— 


bn chil “i nob 26 smenkcal eviste 


12 onde 88 e janes 
¥ Sy 


done by Latjai (1969). However as mentioned in the section 
on continuity, continuity effects are usually ignored in 
most cases of design and in the small slides studied by the 
author there was no evidence of rock bridges, so this effect 


WLED not be discussed further. 


Flat surfaces 


SS ee ee eee 


Friction of flat surfaces (is usually considered. to 
follow Amonton's law that the shear strength is proportional 
to normal load. This can be explained for materials having a 
limited area of contact and plastic behaviour as follows 
(Jaeger, 1971). If'e, =normal stress, 7 =shear stress, Y=yield 
strength of material, S=shear strength of material, and 
Ac=actual area of contact per unit macroscopic area, then 

l= E2ZAkC 

tT = 5 AC 
and therefore T= §S Ce Tee (S71)¢. = Kiel where” kh = constant. 
This Value of K = T/e, constant is called the coefficient of 
friction and is usually denoted ‘by »« . When the law is 
applied to experimental data, one usually finds that the 
best-fit straight line does not pass through the origin but 


gives an intercept, usually called cohesion (c). This gives 


rise to the Coulomb failure criterion, T= Ctyuo 


However if the contact points are elastic and brittle, 


total contact area is no longer proportional to normal force 
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N, but becomes proportional to N2/3 (Coulson, 1972). Coulson 
reported that Seal found the shear strength of polished 
diamond to vary as N®-8, perhaps indicating partially 


elastic behaviour. 


The coefficient “of “friction will; *of ‘course, vary with 
material type. Horn and Deere (1962) published friction 
coefficients of smooth surfaces of pure minerals, but rocks 
are usually a combination of minerals, so that each type of 
rock must be tested to determine its shear strength. Horn 
and LTeere and others have found that the presence of water 


can affect the frictional characteristics of highly polished 


or cleavage plane surfaces. On these smooth surfaces water - 


generally behaves as 4° en antilubricant on massively 
structured minerals, and as a lubricant on layered minerals. 
However these effects decrease with increasing surface 
roughness. Coulson (1972) gives an average roughness of 70 
micro-inches as the approximate upper limit for the water 
effect, this being the average value of roughness of hard 
rocks lapped with #600 silicon carbide grit. The roughness 
Of (Matuvas joints, unless slicken-sides have been formed) on 


them by movement, will generally greatly exceed this value. 


Flat surfaces generally have a lower coefficient of 
friction when moving (dynamic) than when still (static). 


This is usually attributed to the time-dependent growth of 
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bonds at points of contact. This difference can give rise to 
the "stick-slip' phenomenon during shear testing. The 
phenomenon can be easily explained by frictional mass-spring 


models (e.g. Jaeger, 1971). 


Considerable work has been devoted to measuring the 
Basic —coctft§cweres of- friction -of—flat surfaces of rock. 
Courson “(1970) «concluded that ‘angles! sof; *sliding friction 
Varied from 199 to 409, with the bulk of his tests falling 
in the range from 26° to 369, for a wide range of rock 
types. Highest friction angles were observed on limestones 
and lowest values were measured on schistose gneiss. Krahn 
(1974) found values for limestone of about 379. In addition 
no surface is perfectly flat, so the roughness differences 
on a small scale can affect measured strengths. Coulson 
Suggested measurement of a maximum angle hi a surface 
profile as an indication of strength to be expected. Krahn 
developed several roughness parameters in his study. These 
are (values of elevation, y, measured at equal intervals, 


d x) 


(1) centre-line average: CLA= 


z\— 
}! 

Ht 
—_ 


(2) Soot Mean squares RMS= 


e_—— 4 
7 
K 
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Roughness parameters (1) and (2) are essentially the same, 
measuring the average deviation in elevation from a mean 
plane. Z Ls a measure of the average slope of the surface 
and Z3 is a measure of the roundness of peaks and valleys in 
the profile. Krahn found the best correlation of strengths 
with the Z, parameter. Coutson found —that. ithe maximum: 92 
Pode measured was never fully developed, suggesting that 
shearing of asperities occurred even at low - normal loads 


(see next section). 


Surface irregularities 


If surface irregularities exist along a joint then 
extra work must be done to lift the upper block of material 
over the irregularities Or 129) shear through the 
irregularities) (the ‘term asperities)\is commonly used 
interchangeably“ withtedrregularities ). Patton (1966a,b) 
showed that for regularly spaced, equal sized asperities a 


bilinear envelope of strength is developed both 
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theoretically and experimentally. At low stresses the angle 
Ofeninclination (i) «can be added directly to the angle of 
Eriction, ($="tan-?z), as’ othe upper ‘block rides*eup! the 
asperities. At higher stresses the asperities are sheared 
off, giving rise to an effective cohesion intercept. The 
model can be summarized as: 


(1) 7= o, tan (¢+i), at low stresses 


(2) t=eC 740. “tan (d) , at ‘high stresses 
The transition point is governed by » thes friction 
Characteristics, «;e ithe “joint, the geometry of the 
irregularities, and the strength of the material. However in 
natural joints the asperities are irregular in geometry at 
least, and thus change failure mode at different stress 
levels, giving rise to continuously curved failure 
envelopes. Such curved envelopes can be expressed aS a power 


law of the fore: r= kom 


Ladanyi and Archambault (1969) developed a more 
complete theory of joint strength to account for variations 
in, sasperities, At low stresses, "With no «Shearing of 
asperities the total shear force, s, is given by 

S = sits2ts3 
where s!= component due to external work done against 
external force, N 
s2= component due to additional internal work 


due to dilatancy 
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s3= component due to friction if no dilatancy. 
and st= N(dy/dx) =Nv 
where dy/dx=rate of dilation (= tan i for regular teeth) 
and s?= s v tan @! (due to component of s normal to 
irregularities) 
where g!= average value of friction mobilized along 
asperities. 
and s3= N tang (for flat surfaces) 
A fourth component is introduced by shearing of the 
aperities: 
s*= As®° + N tang ° 
Along an irregular shear surface, both modes occur 
Simultaneously. If a= portion of area over which shearing of 
asperities occurs, then: 
S= (s!t+s2+s3) (1-a) + sta 
and thus the Shearing strength, 7r, is given by: 


m= OS) = of Va) (ottang)ita (a tande+s °). 
A 1-(1-a) v tang? 


However this expression contains several parameters which 
must be separated and determined individually, and for 
natural joints with infillings over portions of the surface, 
it 415 Ampossible to -accurately measure jwaltes of each 
component separately. Empirical curve-fitting, with due 
regard for theoretical considerations, is a more practical 
approach to failure envelopes. Jaeger (1971) °5 (for -exeugple,; 


suggests a law of the form: 
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This expression avoids the vertical tangent at the origin as 
in a power-law and the sharp break in the bilinear strength 


envelope. 


The form of the strength law used in an analysis can 
affect the results of the “analysts. Jaeger (1971).gives 
several examples for a sliding block type of analysis. 
Seegmiller (1972) did not give details of how he obtained 
Constants for a power curve strength law for his study, but 
gave factors of safety of 0.79 to 0.98 for the failures he 
investigated using a power law. These results give a more 
satisfactory account of the slides than the c, parameters 
he fitted to test results, which indicated factors of safety 
of about 7 (Krahn,1974). Seegmiller indicated that the 
linear approach was mathematically simpler. However the 
methods of analysis given by Jaeger (1971) show either 
strength law to be equally straightforward to apply (see 
Section 255), Pentz  (1971)) strongly, -siggested)) that a) sron]= 
linear -(power™~ curve) law is preferable for rock slope 


Stability studies. 


Several authors have proposed that measured laboratory 
strength values be reduced by the measured laboratory 
geometric component, then increased by a measured field 


geometric component. Coulson (1970) suggested a measured 
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instantaneous i correction (where i= tan-!(dy/dx)). Krahn 
(1974) suggested comparing forward and reverse friction 
angles, the difference being equal to 2i. However two 
difficulties arise in applying this field geometric 
component. The main problem is in obtaining representative 
field roughness values, due to a lack of adequate exposures 
(Krahn, 1974). Secondly there is the problen of the order of 
roughness. Patton (1966a,b) considered two orders ot 
roughness (approximately feet and inches) and concluded from 
his study that only first-order roughness can be considered 
as a valid component of strength. In his study of the Frank 
Slide, Krahn concluded that no geometric field component was 


acting: 


2.4 Modes of failure 


ee me ee me eee 


The presence of joints within a rock mass allow the 
possibilities of many modes of failures of rock slopes. The 
two basic modes are toppling (or overturning) and sliding. 
De Freitas and Watters (1973) indicate the conditions for 


the modes to occur. 
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For regular rock blocks, ‘ofsbase width, ~b, and height; h, and 
frictional strength¢, inclined at a dipa, four conditions 
exist (see Fig.2.1): 
"(1) complete stability, when b/h >tana anda<o 

(2) toppling only when b/h <tan aand a<¢d 

(3) sliding only when b/h >tana anda >@ 

(4) sliding and/or toppling when b/h <tana and 

a>g" 

The toppling Bode of failure can -be important and can 
involve large areas and volumes of material (up to 18C x 107 
cubic yards in one example given by de Freitas and Watters). 
However most of the slides recorded in the literature appear 
to be sliding failures and methods of avalysis have been 


developed more extensively for this type of failure. 


One of the basic propositions underlying the 
Calculation of the Staha@ityfof a wtrockra@rssllope is that a 
reliable model of the rock. mass canbe constructed (Piteau, 
7970). Models.can _be’ oP’ two tyress  (*) physical scale 


models, or (2) mathematical models. 


Physical scale models can be most useful in 
illustrating the modes of failure that are possible, e.g. 
Mueller and Hoffman (1970). Details of materials that have 


been used in physical models are given by Stimpson (T970)ic 
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(a) Example of toppling failure. Block A is removed 
by erosion, blocks B,C,and D topple but E remains 


because it is wider. 


STABLE 


SLIDING 


TOPPLING 
ONLY 


DIP OF BASE PLANE ».a 
(degrees) 


(b) Conditions for sliding and toppling, 


angle of friction = 35 


Fig.2.1 Toppling failure, example and conditions of 
occurence (after de Freitas and Watters, 1973) 
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HOMeVier;i ¢ as. Gnddcated:) by Bentz nu(971)4¢ the, buidding, and 
testing of a scale model is both time consuming and costly, 
and thus parametric design studies on scale models are an 


unrealistic procedure, 


Mathematical models, on the other fish can be varied 
quickly and relatively inexpensively. Two basic approaches 
are possible: (1) stress analysis, and (2) limit 
equilibrium. Stress analysis of discontinuous media has only 
become a reasonable proposition since the introduction of 
the finite element method. Goodman et al (1968) developed a 
special one-dimensional joint element for two-dimensional 
analyses, and Mahtab (1970) extended this concept to three 
dimensions. However application of the method requires 
measurement of the joint stiffness. In testing of natural 
joints any previous movement or slight mis-matching of the 
Sample pieces would introduce errors. Machine stiffness must 
also be accurately known to correct measured values. Barton 
(1972) indicated that- both normal and shear stiffnesses 
varied with normal stress, so that an iterative analysis 
would be required,greatly increasing computing costs. Barton 
also indicated that "a fundamental requirement of the 
finite-element method is the conservation of energy....In 
reality energy is dissipated in friction and aspertity 
failure along the joints, and should therefore be 


'dissipated' in the numerical analyses if they are to be 
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realistic." However this requirement of conservation of 
energy is applicable only in elastic analyses. The problen 
can be overcome by formulating the equations governing the 
model to include energy dissipation, Blastic-plastic 
analysis is one such formulation, and it was used by 


Pariseau (1973) to study rock slope stability. 


A greater difficulty in use of the finite-element 
method is the development of a suitable stability index 
(Pariseau, 1973). A local factor of safety can be found for 
an element, but is not as practical a stability index as a 
global factor of safety. Mathematically consistent global 
collapse criteria have not yet been developed. Pariseau 
developed the use of a random number generator to assign 
variable material properties to elements in an analysis, as 
opposed to assigning average material He erties tO? * ad 


elements. 


The method gives answers Significantly different from 
Pimat equilibrium methods only (1n &eases) where the rock 
blocks are deformable to a Significant degree (Heuze and 
Goodman, 1972). This condition would not apply in hard rock 


slopes. 


Cundall (1971) devised a computer program on a ‘finite 
difference' basis (i.e. forces and displacements imposed on 


blocks as opposed to stresses and strains in elements) to 
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analyze jointed rock slopes. This program can accommodate 
sliding, toppling, and rotation of multiple discrete block 
models, and produces diagrams of block positions at given 


increments of time. 


The limit equilibrium approach is generally felt to the 
most practical, reliable method of slope analysis (Pentz, 
1971; Hoek, 1971d3; Jaeger, 1971, etc.). The method makes two 
basic assumptions (after Pentz, 1971): 


WCTpitt hati la e) Pastures nsurftace can be postulated 
with a geometry that will allow ‘sliding to 


take place - a kinematically possible 
surface, and 

(2) that the distribution of stresses in 
equilibrium along the potential failure 
surface can be computed UtDPvIizing a 


knowledge of density, water pressure, and 
seismic loading." 


In jointed rock, failure is kinematically possible only if 
the joint or joint intersection daylights on the slope. In 
addition, for three-dimensional slides, the failure block 
must not have adjacent faces that are tapered, that is faces 
which tend to push out the remainder of the slope surface 
when the block moves out of the slope. For kinematically 
possible failure surfaces, the shearing resistance required 
to just prevent movement (at the point of Lliniting 
equiiksbriunpr iseeccomputeds( Thasenconptitedesvalteetis{ithen 
compared to the available shearing resistance (computed from 
thetkstnengvhteproperties Giesthechjoints)jse Tier ratio@hof 


available shearing resistance to required shearing 
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resistance is known as the Factor of Safety. The forces 
causing instability are self-weight, thrust. of adjacent 
structures, seismic forces, and water forces. The simplest 
method of analysis arises when the joints strike parallel to 
the slope face. In this situation the slope failure can he 
analyzed as a two-dimensional problem. Jaeger (1971) defines 
the factor of safety (F) in terms of stresses i.e. 


R= Tn ya 
T 


where r(at failure)= A*o, and t= r(required in analysis). 
Jaeger terms f#* the variable coefficient of friction. For a 
Srope Of Anclanacion 1, and height HH; undercut. by a. joint of 
inclination a, and acted on by self-weight only, the factor 
of safety Jommmissiguven by (see Fig.2.2): 
F= 4* cota 

For the Mohr-Coulomb failure law: 

T= ct atangd or A*= tan P?tc/g, 

F= tandcot% + (2c asin (2) /078 sind (2-O)\¢sind) 
For a power law failure criterion: 

Tee not fee his, “ot 

P=Ek 4 1/2570 Sin GCl—d), Cos va tcosee 3) }™-* cot Oo 
An “analysis Sis ccomplicated “by introduction “\of tension 
cracks, waterr presstiréesptand seismic forces. Hoek - (1,970) 
presented design charts for analyses including tension 
eracksnand watervettects. “These charts are, for ‘ayehonr= 


Cotlomb+utailurce criterion, Hoek. (19715) suggested these 
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Weight of sliding block 


W = O, sydetceen - cot®) = 0.5yH*sin(p - a) cosecBcoseca. 


Length of failure surface 


t= Hcoseca, 


Normal stress 


se (W/t)cosa = 0.5yHsin(8 -a)cosecBcosa. 


Shear stress 


7 = (W/c)sina, 


Factor of safety: F = (o_/T) B® = u*cota,. 


in which p* = (r/o) at failure conditions. 


Coulomb Law: w* = wt clo, 
then F = pcota + (2c sinB)/(yHsin(8 - a)sina, 
m-l 
Power Law: w* = Ko 


m-1 
then F = k(0.5YHsin(B - a)cosacosecB) cota. 


Fig.2.2 Two-dimensional analysis of sliding block 


(after Jaeger, 1971) 
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charts could be used for non-linear envelopes by 
approximating with a series of straight line envelopes. 
Jennings (1970) developed a theory for complex modes of 
failure involving different sets of joints and fracture 
through intact material. The theory requires knowledge of 
lengths and degrees of continuity of the joint sets, indeed 
the mode of failure would probably only occur with 
discontinuous joints. As mentioned previously, the effects 
of rock bridges across joints are not generally considered 
in design procedures of actual cases. Morgenstern and Price 
(1965) developed a computer method of analysis which can 
handle any shape of failure surface in two-dimensions with a 


Mohr-Coulomb strength envelope. 


The simple two-dimensional failure with the joints 
striking parallel to the slope will be the eee on rather 
than the rule. Generally the joints will strike at some 
angle to the slope face and failure will occur of wedges or 
blocks of rock sliding on two or more surfaces. The simplest 
case is thatenvot way yrock tetratedrog 4 sliding on two 
intersecting” joints idlustrated in Fig.2.3. 

An approximate analysis of this wedge can be carried out by 
assuming sliding on an equivalent plane striking parallel to 
Shevesilope, facefeand “dippingemar the angle of the line of 
intersection (Hoek, 1971b). However this type of analysis 


will always be conservative, and a more correct analysis 
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a = dip of line of intersection 
OQ = z-axis, Ox horizontal 
Vp, = apparent dips of planes OP,» OP, viewed along Oz 
W = weight of block 
w* ys h* 5 = variable coefficients of friction 
Resolving forces: 
N,cosy, - N cos ¥, = 0 
N,siny, + N,siny, - Wcosa= 0 
-1 
i = * = 
Wsina - F (Ny 7 Gy Nou) 0 
Hence; 
Ny = Weosacosy, po Noes Weosacosy, 
sin(¥, + V5) sin(y, + ¥,) 
= * 
FE ="i¢ * cosy, + 7608 ¥,) cot 


sin(V, + ¥>) 


Fig.2.3 Three-dimensional analysis of sliding wedge 


(after Jaeger,1971) 
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must consider the three-dimensional nature of the problem. 


Jaeger (1971) presented an analysis of this case. 


F= (/4* cosy. + A* cosy,)cot a 
sin (¥, + ¥,) 


an Which: 

Say variable coefficients of friction 

vy, 7¥,= (inclinations .of- the: -jeints “to the: vertical 

plane containing the line of intersection 

d= dip of line of intersection. 
Enegenecral he Sasi are functions of the normal stresses 
acting on the joints, and are therefore functions of the 
geometry of the sliding mass. Calculation of the geometry is 
usually tedious except in simple cases, and computer methods 
have been devised to simplify this task (eg. Hendron et 
al,1971). The computer programs are usually based on vector 


methods. 


John (1968) and Londe et al. (1969) used stereographic 
projection methods to analyze the three-dimensional rfroblen 
but the method becomes complex for situations other than the 


purely frictional case with only gravity loading. 


McMahon (1971) and Shuk (1970) have. uconsidered 4 
probablistic approach to slope design. Factors affecting 
slope stability such as geometry of discontinuities and 
strength are considered to have ranges of values represented 


by statistical distributions (normal, log-normal, etc.). 


a2 


weiiior off to sadter Lanokas 
9889 al To a 


xoktoixzt to edusgoeeene ofansaen 
Peotyzev of? of atafot Sth Be enottspttont 
tolt shieieiunade er] oni ot ‘pabat 


svoda paiul4de 9] ¢ait cael 
‘ HAS i\ i a, 


abmeozte jI[sgton e242. to enoftonay;: ATs. * 


Peat bk 


eft to sfottonnt 9x1 O2on ott exe: ‘one arasst “ett bike 
at eiteimesy adx~ to not Fal voler .enen es Ge 
ahodter astuqm@oo Bos 29860 efgure af ainome aHoLbes ¥ 
+s soxhasd +28) dest ebadd ytitoaia 54! pombe — 
qotoev ao Bbeead yilsevev sas ams TpOTd cieeninuel 


stigsipesisd= been (Oger ts +9 cinder Nyte (Baer) nay. 
naidor innexeeadsiasagee ad? oxy Baas. ot ehodsem nodtel 
eit nedt megto afotisatia to2 xf qnod. pegovad sedshawde: 


spathsol y+ivetp xine iat eg8o Lenoryoea® vieang 
(oe be 2 


by 


6 fezestbieno> sved (Oren) digit HB TENSE) dodstot - 
piitostts e20t>st snptesh eqoLe O25 @2 5 mee 
fad aettivattqcvers Yo yateatee as pale pane 7, - 4 


 betrewsrgo7 eer fag a0: aspnrasT 4 


. — viawton-pol ,fsmz0n) 


These distributions can be used to compute a probability of 
failure. Slope optimization can be carried out to minimize 
=Otval cost, which consists of initial costs, maintenance 


costs and the probable failure cost. 


From the above literature review it is obvious that 
POGk (slope istability is a complex. topic. At ‘the .risk’ of 


oversimplification the chapter will be briefly summarized. 


The most Significant factors affecting the stability of 
rock slopes are the geometry of discontinuities, groundwater 
pressures, and the strength of the discontinuities. The most 
practical method of analysis is the limit equilibriun 


method, applied on a two- or three-dimensional basis. 
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CHAPTER 3 


ae Se ee ee ae ae ee eee 


The previous chapter indicated the many factors 
affecting rock Slope stability and indicated several 
theoretical methods of analysis. However to confidently 
incorporate these ractors and analyses into asrope design, 
it is necessary to have case histories which indicate that 


the methods do work in practice. 


Krahn (1974) gave a comprehensive summary of case 
histories that have been presented. However very few of the 
case histories were complete with tests on natural joints in 
hard rock; most tests reported were on prepared surfaces, 
compacted or broken samples, or in relatively soft materials 
(shales or coals). Hoek (1971a) reported test results on 
porphyry that corresponded reasonably well with that of a 
slide in the Atalaya Qpen Pit, Spain. Seegmiller (1972) 
tested  clay-filled joints in connection withyslides that 
Occurred an the Twin Buttes Nine, Arizona, bute found » that 
the strength values measured were higher than those required 
for stability of Patherslides.) the ‘shear testing that Krahn 
C9MP)S conducted forMhis study of the Frank ‘Slide, “Alberta 


gave results in reasonably good agreement with a stability 
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analysis. 


However in comparison with the large numbers of case 
histories present in the soil mechanics literature, there is 
a definite shortage of case histories in stability of hard 
rock slopes. Since there .ts a‘ /lack “obi case yehistories 
available it is deetean ia to investigate failures that are 
aS Simple as possible in terms of geometry and the number of 
materials involved. For this reason it was decided to study 
small slides with relatively simple geometry. This chapter 
gives the geological and geometrical details of three case 


histories studied. 


Jer renda Mines case-histories 


Brenda Mines Ltd. is  tocated 18) Waites } west of 
Peachland, British Columbia and is at ate iy 5500 
feet elevation. Full production of the copper-molybdenun 
mine was achieved in early 1970. The expected life of the 
mine is 2C years. The Brenda ore body occurs within a highly 
fractured quartz Adiorite termed the Brenda Stock. The ore 


minerals occur as secondary infillings in the fractures. 


The ore body is elongated in a northeasterly direction 
and is being mined by open-pit methods. The pit as developed 
to mid-1973 is shown in Fig.3.1. The benches are 50 feet 


high and the proposed final slope’ is of the order “of 45 
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Fig.3.1 Map of open-pit at Brenda Mines Ltd. 


36 


a ng me 


Ow i + 


Ls 
> 


~ 


f yw 
ot Romeo d “ae Ps 


degrees. Cahoon (1973) has back-analyzed three slides in the 
bot, but eno indication cf the failure surface materials was 
given. These analyses were based on Hoek's charts. A bench- 
Size wedge failure was analyzed as a two-dimensional planar 
failure, and gave strength parameters of 440 << 48.89 and 
0 <c < 180 psf. Two failures were analyzed as "apparent" 
circular failures and gave strength parameters of p = 4790 


and c approximately equal to 990 psf. 


Two small slides) occurring in the North wait of the pit 
were selected for the case histories. An over-all view of 
the North wall is shown in Fig.3.2. These slides were 
selected because the surfaces on which sliding occurred were 
fully exposed for observation and measurement. In addition 
it was assumed that the pre-failure geometry was defined 
completely by adjacent wall and floor Beet as: The slides 
were eee nie from the benches above and below, and the 
tight sides and walls hers therefore measured by tape and 
theodclite survey. Check points on the right sides of the 
slides indicated an accuracy of about 3%. As can be seen in 
the photographs in Figs.3.3 and 3.5, the slides have a wedge 
Shape, the right sides being very planar, but the left sides 


being veryubrokcumand rough. It is apparent’ that sliding in 


the usual sense could not have occurred on the broken eta. 


surfaces. For the left hand sides of the slides, the average 


inclinations were estimated using a Brunton compass. In 
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Fig.3.2 General view of North wall, Brenda Mines Ltd. 
Slides are between second and third bench 


above drill rig. 
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considering). the Kinematics sof “sliding«tor both slides it 
became clear that both slides were close to being in a 
position where sliding could occur on the right sides only, 
as opposed to sliding along the lines of intersection of the 
wedges. It was therefore hypothesized that sliding had 
occurred on the right sides of the wedges, and after the 
main slides had occurred the loss of confinement allowed 
blocks of material to topple out of the left sides of the 
wedges. For the slide denoted No.1, a minor increase of the 
dip. of the eee side (79) would allow sliding to occur on 
phe Might side, only. For the aia denoted No.2, an average 
inclination measured between the large block near the base 
of the slide and the top of the line of intersection, gave a 
Slide geometry such that sliding could occur on the right 
Side only. On the molybdenite coated surface (slide No.1) 
faint striations were observed that pointed approximately 
down Bidip | on wyeverage. tm ewas' —thoughtechat these were an 
indication of the correctness of the hypothesis. However 
Similar striations were observed on some of the samples 
obtained for testing, and may be related to the deposition 


of the molybdenite. 


Thea qeotetcyp, at ‘slides No.7 1s shown Jnekig.3.4. The 

dashed line on the left indicates the approximate average 
’ - ¢ ° 

inclination of the left side of the slide as measured in the 


4 


field. It was assumed that more blocks had toppled from the 
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Fig.3.3 Photographs of slide no, 


cri. ee 
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1 at Brenda Mines Ltd, 
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Fig.3.5 Photographs of slide no. 2 at Brenda Mines Ltd. 
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——— WEDGE SIMPLIFIED FOR ANALYSIS 


--- APPROXIMATE WEDGE SHAPE IN FIELD 


NEAR PM 10 ABOVE 5410 BENCH 
CALCITE PATCHES OVER FAILURE 


SURFACE 


BRENDA SLIDE No. 2 


-Fig.3.6 Geometry of slide no. 2 at Brenda Mines Ltd. 
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Upper nparh Ginthisesurfdacecrthan from the lower part to 
establish a stable surface (see de Freitas and Watters, 
1973). For the reasons noted above the measured dip of this 
sugtace | Was incredsed))in the “idealization to @, point at 
which sliding occurred on the orene base of the slide only 
and this dip was used in the assumed pre-failure geometry. 
The right surface was inspected and a piece was taken for 
identification of the surface minerals. The main mineral 
forming the surface coating was identified as molybdenite 
(NOS3), but contained minor amounts of a variety of 


r¢ 


secondary minerals. 


The geometry of slide no.2 is shown in Fig.3.6. The 
dashed lines represent the approximate shape of the slide in 
the field. As mentioned previously the large block at the 
lower left (visible in the photograph ae Pig.3<5) Wes 
considered as the edge of the main slide mass. The portion 
Of the Tight side. of the slide that svemained an place ais 
discussed in Chapter 5. Again the surface was inspected and 
the materiel occurring in patches ‘over the surface was 
identified, as ‘calcite. “It, was- assumed that’. ‘patches of 
calcite on the mass that slid corresponded to the "bare" 
porticns of the failure surface that remained on the wall. 
Samples used for testing had this correspondence of patches 


of calcite on the two halves of the samples. 
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3.3 Endako Mines_case history 


-Endako Mines Ltd. is located 6 miles southwest of the 
Villace or vendakoOuct central) British Columbia “and ‘is at 
approximately 3200 feet elevation. The molybdenum mine was 
officially opened in June, 1965 and a major mill expansion 
took place in 1967. The open pit mine has been developed in 
the predominantly quartz monzonitic Endako pluton, of the 
Topley Intrusives (Kimura and Drummond, 1969). The 


molybdenite occurs mainly in quartz-molybdenite veins. 


The ore body is elongated in an east-west direction and 
is presently being mined in two adjacent open pits. The east 
pit as developed: to mid-1973°1s shown (j2nijFig.3.78 On the 
south wall the benches are 99 feet high on an overall slope 
of 49.5 degrees, McLeod (1971) gave some details on _ some 
Slides that have cccurred at Endako Mines. One of these was 
a shear plane failure on a quartz-molybdenite vein dipping 
at 450% McLeod; :ifurther states «that? shear plane failures 
along guartz-molybdenite veins are very common and that all 
of these had taken place along veins with dips of more than 
340, Ab esting thatthe fractron angle fom these; veins is 


about 349, 


The slide chosen for analysis occurred in the east pit 
and igs shown in the photograph in Fig.3.8. Unlike the case 


histories at Brenda Mines, this slide area was not 
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Fig.3.8 Photograph of slide at Endako Mines Ltd. 
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Fig.3.9 Contour map with idealized model of slide 


at Endako Mines Ltd. 
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accessible and was partially covered with debris from above. 
A theodolite triangulation survey was carried out, but the 
results were somewhat suspect because there were not 
definite points on the slide to survey. A eed plete of 
overlapping photographs of the slide was available anda 
contour map was prepared from these by Miller Engineering 
Services Ltd. of Vancouver. A wedge-shaped slide was fitted 
to this contour map by trial and error and the results are 
shown in Fig.3.9. The resulting geometry is shown in 
Fig.3.10. The failure surface on the right side of the wedge 
was dark in colour, and given the nature of the mine, was 


assumed to be molybdenite. 


Samples were taken at both mines for strength testing. 
Details of sampling and testing are given in the next 
chapter and analyses of the slides are carried out and 


discussed in Chapter 5. 
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After having recognized the governing type of 
discontinuities in the slides described in the previous 
Chapter, it was necessary to find representative samples for 
testing to obtain strength values for comparison with back 
analyses. It was considered desirable to use the portable 
coring unit developed by the Department of Cayat 


Engineering, the University of Alberta. 


Previous work in the Department had involved an 
electric concrete coring apparatus used successfully in 
softer rocks. Similar equipment has been used by others. For 
example Brawner et al (1972) reported successful sampling in 
coal formations. However, in hard igneous rocks, drilling 
rates as slow as 1 in./hr. were encountered. In order to 
overcome this and other deficiencies modifications were made 


to the equipment. 
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Department. A small submersible electric pump was used for 
supplying theewater?to the. drill from ai) 45° >gal... drum via 
ordinary garden hose. Diamond-tipped core barrels were 
purchased commercially in 4",6", and 10" diameter single- 
wall models and a 6" diameter double-wall model. Preliminary 
tests on concrete indicated that vibration was excessive so 
that a guide system was mounted on the lower portion of the 
frame. The guide system consisted of an annular piece of 
steel plate with three equally spaced adjustable guide 
wheels. See aad phenol wheels were tried but tended to jam 
from the rock dust created by drilling so that rubber-coated 
Wheels with) “enclosed ball bearings ywete used.) The. drilling 


apparatus is shown! in Fig.4.1. 


The drilling frame was attached to the rock surface 
with stove bolts threaded into concrete anchors which had 
been installed with an electric rotary hammer run by a small 
generator. Due to the hardness of the rock the anchors would 
not spread using the electric hammer, and a sledge hammer 
had to be used to drive the anchors into place. The frame 
was usually installed manually by two men, but on _ higher 
drillang Adocations,men. extra ~nichorsnand,Doltewene installed 
above the drilling location and a come-along hoist was used 
to assist in holding the frame in place for bolting. Anchor 
failures were rare as the drilling sites were usually chosen 


in areas of competent rock. In one case the anchor rotated 
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Fig.4.1 Photograph of drill 
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with the bolt and could not be tightened by redriving. The 
other type of anchor failure occurred when the rock broke up 
around the anchor. This type of failure occurred repeatedly 
in attempts to sample highly weathered rock. One method to 
possibly overcome this problem is the use of longer rock- 
bolts as anchors. This method was attempted but the gas- 
driven jack hammer to drill the rock-bolt holes failed to 


operate properly. 


Removal of the drilled cores required breaking of the 
core at the base of drilling. Used core barrels were slipped 
over the sample and hit with a sledge-hammer. If this was 


unsuccessful a crow-bar was used to pry on the sample. 


Suitable dridiing Sites required an accessible, 
reasonably flat area at least two feet square with a desired 
joint type exposed on the surface. It was desirable to have 
the joint running roughly perpendicular to the surface but 
the drilling system could be tilted somewhat by the use of 
longer bolts and spacers placed under one side of the frame. 
ine thastf case thei anchoritinstalletion hadrto beralagned’for 
this tilt and a thin steel template was used to assist in 
Phict adi gnmcntase® Usell ofd the) 4an.scores-barrel gaveslittle 
tolerance ins the alignment | ofi«drilling with «the joint 
direction and therefore the larger core barrels were used 


more extensively. 


54 


"ao" einai to 


Ni it th Ao ( 


“asp ad+ tod Theat aici sr gotten te 


ee ‘ay 
j fear cae 
eid to padtaoxd baatupos aetoo rence nie ‘ Ps 
; aot ‘ aah ’ » 
haga tee ry, ipa ey bed) semi 4 
rt ) 


it ae aves 
ane stds rr’ noma | ch s' dete a 


eueiiaen:. ni) ‘peat per pe A, | pat thab nie 
Cane Na coe as) 


beziash s agtw yennge fe08/ oa taser ae pets te. 


Loe” we 


Tyee ub ) 


to een eas va tadvouoe bevtes a pines assays eabsangh 
-onnxt ods ie ebia ET ts) rohan beoald azelsge ban atLod ce Bi, 
sot bonpits od ot bad. wobangtataasts ToHoms oat one wate ; 
at tetene ot beew on efalquas Loose weds 8 Bae Sere a | 
atts be ovew fexted e200. ah 7 oad 46 , sat _soenenate 
tober edt, #Pkv pakitias Yo faonnytts me “ak ood 


es 


a 


aaa oraw etecoed’ om fad odd _ protons. hw “fe | 


Four samples were obtained from Brenda Mines and five 
samples were obtained from Endako Mines using this 
equipment. The sampling sites at Brenda Mines are shown on 
Pig.3.0) sample, Wengths ‘varied “from 7) in.) to 12 in. “and 
sample diameter varied with the core barrel used. An example 
is shown in Fig.4.2. Actual drilling rates varied from about 
1/2 min. to 5 min. per inch. However anchor installation and 
core removal were more time-consuming. After most of the 
problems were solved an average of two samples per day were 
obtained. The equipment was also used for sampling limestone 
near Jasper, Alberta and coal near Lake Wabamum, Alberta. As 
with any sampling |technigue. using a drilling water for 
cooling and dust removal the system could not sample seams 
of highly weathered material. This material was washed out 


of a sample during drilling. 


The main problem encountered in this sampling program 
was the fracturing of samples which prevented the obtaining 
of large intact samples for testing. It had been hoped that 
the fuse of the 6 in. double-wall core, barrelayiwoulld reduce 
this problem but the cores drilled with this barrel were as 
fractured as those drilled with the single-wall barrel and 
drilling took considerably longer because of the increased 
cutting surface area. Upon examination of the fractures and 


Similar fractures in block samples it was realized that some 
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of these were mineralized. This indicates that at least sone 
of the fractures existed before the sampling and therefore 
any sampling technique would give rise to fractured samples. 
It was felt undesirable to test samples in which the sample 
had been epoxied together as any misalignment could give a 


step in the profile of the sample. 


However these side fractures associated with the joints 
did make it easier to remove block samples with hand tools. 
Several block samples were taken at Brenda Mines usSing a 
geological hammer and a crow-bar to pluck the blocks out of 
the wall. The main problem with this type of sampling is the 
awkward handling created by the irregular shape and size of 


samples. 


The first samples were transported with the two (or 
more) pieces of the sample taped together with fiber- 
reinforced tape. On a few of the samples, rubbing marks 
created by relative movement during transportation were 
visible. Consequently ‘on’ the second ‘trip’ ‘the; samples ‘were 
transported in separate pieces wedged into boxes to protect 


the joint surfaces. 


Tt is concluded that the sampling techniques used were 


as successful as could be expected with the material being 


sampled. 


37 


2 ei 


ezotetet? Sas prtigasa ott a a — + 

sefgese botyde ss, oF opie ov ip. bie ened + OF a 
6 Lam sz iad Roney of sotgese teed a sraeiteotar, Ae 
G et rp bives avonngeieeke ve oe prey 9 ue 


ree) Ve 


6 telay aenin. 60528 re a gp seg . 
to tuo RApend edt er ot bputeagra oy 
as hansen ~ Z | 


roy off out Adem bostpadgeas a2 eal. ' " E 
oped t Az iw temPope biware? efouse. oe ea | 8 
emon paride 29 Sqn ae silty 360 wet oO. pon 
etevy cott+sttogewers paisrS rrenevor veka yd 
etey eelqese off itt finer out wo yitnewpeaaoD , a 
Preto of, sexed opal tegtiew 2e0e)4 saint cx pe! 


4.2 Sample preparation 


The most time-consuming portion of the testing program 


was found to be Sample preparation. The combination of the 


Ravdness of the rock jand the, .crusty,ynature “of thes: joint 
coatings created sawing difficulties. Several saws were used 


with varying success. 


A Stihl motor coupled to a cutting wheel was used for 
rough trimming of block samples but could not be used for 
accurate cuts. A concrete saw with a power-driven vise was 
used qstor | some’) cutting, ~ but the: vise | required. smooth, 
parallel surfaces. Even with blocking, samples tended to 
move in the vise and the saw blade would bind. Most success 
was achieved with a Mercury lapidary saw (Fig.4.3). On this 
saw the sample is held in position on a cutting table ana 
the blade moves down through the sample. The pressure from 
the blade helps to hold the sample in position. The maximum 
size “of ‘sample: that can be Veut, as about. 6 inches by +6 
inches. It would be desirable to have a more powerful motor 
on the saw as cutting «the hard igneous rock was slow, 


especially on long cuts. 


Tap water was used for the cutting fluid to prevent 
surface . contamination with cutting oils. Attempts to keep 
the water off the) jornc facewwith plastic wrapping were, not 


very successful. After the sample was dried minor amounts of 
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Fig.4.3 Mercury lapidary 


saw used for cutting samples. 
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rock dust from the cutting had to be removed by running tap 


water Over the surface and rubbing lightly with a cloth. 


Cutting to the exact dimensions of the shear box was 
impossible so the samples were cut slightly undersize, then 
cast in a mould with Devcon B Plastic Steel (liquid type). 
After curing, the sides of the upper block were ground 
Slightly to allow freedcm of vertical movement during 
testing. The samples were then photographed and were ready 


for reughness measurements and testing. 


4,3 Reughness measurement 


— = ES Se ee a ee ee ee ee ee 


Surface profiles were measured on all the Samples 
tested with a device developed by Krahn (1974). The device 
consists Of), a) frage. Juelectr1C smMoron, jinear variable 
differentidi transformer (LVDT)}, and electronics box. 
Horizontal distance is measured by the speed of the electric 
motor and the LVDT measures the vertical movement of a 
hardened steel tip which slides over the sample surface. 
Profiles were’ measured at 1/4) "T72°and 374%of the width of 
the sample to see if significant differences arose depending 
on the line of measurement. The profiles were recorded on an 
x-y recorder. These profiles were digitized for computation 
of roughness parameters and computer plotting of profiles. 
An example is shown in Fig.4.4. The device seemed to work 


well “on molybdenite surfaces but left fine’ scratches on 
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Fig.4.4 Typical roughness plot obtained with roughness 


measuring device (at true scale). 
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Gaverterisuriacesastitgis felt that these scratches were not 
enough to negate the measurements and would not have any 
Significant effects on strength testing. A more 
sophisticated device was:used “by Coulson (197-0), butefit is 
felt that the extra expense probably does not give 
Significantly better ‘results. It ‘would be desirable to 
compare the type of apparatus used with a more sophisticated 


surface profile measuring device. 


Both triaxial and direct shear devices have been used 
Agristudy stheasheanestrength lof tsurfacdsy ein i crock. «sInkethe 
triaxial test the surface to be tested is oriented at a pre- 
selected angle to the axis of the specimen, a confining 
stress is applied and the axial stress is inceased to 
produce failure. To prevent relative rotation of the samples 
ite isomecessary to*%use spherical seatsvat*both ends tof ithe 
specimen (Coulson geno O)resHowever Prethis, casespthe <¢entire 
Specimen rotates, changing the normal and shear stresses on 
the failure ssuriace jsInvaddiitionweGoodman (1970) indicates 
that a finite element analysis of triaxial specimens with an 
inclined joint gave very uneven stress distributions along 


the jdditrbf iéthe ngjointaiwdss morerscompressible othan eithe 


surrounding rock. 


Coulson (1970) lists several advantages of the direct 
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shear method of testing. These are: 
"(1) It allows independent control of normal and 
tangential. forces on the surface of sliding. 

(2) It can be adapted for quite large surface 
areas. 

(3) Shear displacements several orders of 
magnitude Targer “then for “the triaxial 
method can be accommodated. 

(4) When rough surfaces are tested, 
displacements perpendicular to the surface 
of sliding can be most readily monitored 
using the direct shear method." 

The chief disadvantage of the direct shear test is the non- 
uniform stress distribution on the failure surface. Several 
factors give rise to this situation. The shearing forces on 
the sample are not co-planar giving rise to moments about a 
horizontal axis perpendicular to the direction of movement. 
In addition after some displacement the point of application 
of the normal force is not over the centre of the contact 
area increasing the moment mentioned above. Thirdly, for 
irregular surfaces, rotational tendencies are possible in 
the horizontal plane. When these are restrained unknown 
irregular side pressures are created. Despite these 


drawbacks, direct shear testing was selected because of its 


several advantages indicated above. 
4.5 Selection of testing conditions 


Before testing of samples several conditions of testing 
had to be decided. These were: sample size, moisture 


conditions, rate of strain, and range of normal loads to be 
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applied. Krahn (1974) has indicated that strength is 
essentially independent of sample size provided the surface 
roughness characteristics do not change significantly. Since 
the samples were essentially the same over their entire 
area, it was decided to emphasize smaller samples (2"x2") in 
the testing program, with a check on a few larger samples. 
Coulson (1970) indicated that a centre line average 
roughness of about 70 micro-inches was the upper limit for 
water effects. Since the smoothest surfaces tested had a 
centre line average roughness of at least 10090 micro-inches 
it was decided to test the samples dry. In addition Coulson 
ran tests at speeds varying 0.22 to 0.012 inches per minute 
(in/min) and found that the rate of shear had no effect on 
Shear strength values (except for very minor changes with 
dolomite). A constant test rate of 0.05 in/min was therefore 
chosen. The maximum normal load occurring on the joints in 
the case histories selected was slightly over 20 pounds per 
square inch (psi) Therefore it was decided to test the 


samples at normal loads corresponding to 5,10,20 and 40 psi. 


Another consideration in the testing program is the 
retesting of samples at different normal loads. Since 
Samples are ditficult to.obtain dnd) prepare, at is desirable 
to retest if this is possible. However if surface damage 
changes the surface characteristics of the sample, the 


strength values will change and the test will be of limited 
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value. Only by attempting retesting of the samples can the 


validity of retesting be checked. 


the shear.) testing apparatus used was built by the 
Pepartment, of Civili Engineering and. is. ushown “ine Fag. 4.5. 
(Samples of nominal sizes 2"x2" and 4"x5" were tested using 
different boxes.) The lower half of the shear box is’ moved 
by a gear box-chain drive assembly powered by an pieaente 
motor. The upper half of the box is restrained by the load 
cell which measures the shear load. The two halves of the 
box are separated by teflon strips and the guides on the top 
box are teflon-coated. The normal load is applied to the 
upper portion of the sample by a dead weight arrangement. 
Horizontal and vertical displacements are measured by linear 
variable differential transformers (LVDTs). Horizontal 
movement and the shear load were recorded continuously on an 
X-y recorder and all three measurements were monitored 
continually by a digntaliprinter (which ugave a series V\of 
three readings about every 8 seconds. The digital printout 
was punched onto data cards for computer computation and 


plotting. 


A friction correction of 0.5 to 1.5 pounds (depending 
on the shear box used) was applied to all readings. This 


friction is a result of the sliding of the box contact along 
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teflon strips. Two other sources of friction~are present in 
this shear arrangement. Lateral movement tendencies would 
cause side-friction on the guides. This was reduced by the 
Use O17 Feetion coating, but could still exist. Use of. side 
load cells could account for this, but they were felt to be 
too expensive to be worthwhile, and this effect was ignored. 
In addition friction could exist between the sample and the 
Lope Halt of » the ‘shear box. (In the apparatus vertical 
movement is accommodated by allowing the sample to move 
Within the top box.) Friction tests were run on Devcon-on- 
steel surfaces and indicated a coefficient of friction of 
the order of 9.1. Spray lubricants were used to attempt to 
reduce this value, but were not effective. However it is not 
Clear ‘that. this .friction would necessarily be fully 
mobilized. An attempt to measure the effect of this friction 
was carried out by attaching a sample that had previously 
been tested (1-BB14) to the upper half of the shear box with 
epoxy. The strengths measured with this arrangement fell 
within the range of those measured in the standard testing 
avmangement (see Fig.4.6)) .and | therefore the “effect wes 


ignored. 


= = See ee ee a EE ES ES SS ES SS ND SS 


Generally the test results consisted of a rather 


irregular shear load versus horizontal displacement curve 
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Fig.4.6 Effects of machine friction not directly 


accounted for in data analysis. 
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and a fairly smoothly changing vertical deformation versus 
horizontal deformation curve. The vertical deforiations, were 
generally small. There was not any peak-residual type of 
Shear strength behaviour as reported by many authors. The 
maximum shear load occurred essentially randomly over the 
half-inch of movement during testing,but usually occurred at 
the same position for repeated tests on a sample. The type 
of results are probably partially a result of testing at low 
normal stresses.Plots of many of the test results are shown 


in Appendix A. 


There are three possible sources for the irregularities 
in the shear load curves;these are: irregularities in the 
slope and size of asperities,variations of surface materials 


over the samples, and stick-slip. 


For four tests an attempt was made to separate the 
geometric component of strength in the manner suggested by 
Coulson (1970). Tests at a high .normal” stress and a low 
normal stress on both a calcite-coated and a molybdenite- 
coated joint were analyzed. If we let: 

g= tan-1 (shear load/normal load) 
i= tan-! (dy/dx) 
then: = @-1 
where © is equal ito sthesmbesic. strength friction “angle 


corrected for dilation effects caused by movement over 
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asperities. Basically the same curves resulted at both high 
and low normal stresses. The resulting curves for the tests 
at low normal stresses are shown in Fig.4.7. The corrections 
were rather small but smoothed out the curves slightly. For 
the calcite sample in particular the resulting curve of 
versus horizontal displacement is a reasonably regularly 


oscillating line, varying over a fairly narrow band (+39). 


The) curves are net as regular or of \as,.Short a period 
as those usually shown for prepared surfaces, but might be 
partially cdusedi «by \ stick=slip.Mofc fal naturalfsurface. A 
Simple mechanical model for stick-slip is that given by 
Coulson (1970). Consider a surface on which the coefficient 
of dynamic friction (p,) is*constant andvyless "than that of 
Staticsafrvetion (p,), tested in a shear box. (see Fig.4.8). 
The lower portion of the sample moves at a velocity V_ and 
the upper portion is restrained by a spring of stiffness K 
developing a shear force S. Tf no stick-slip occurs, then 

SUS haa Nie 
where x is the extension of the spring required to develop 
the force S . However if stick-slip occurs the two halves of 
the sample move together until S is great enough to overcome 
static friction when 

S = Kxt= NM, 
When sliding is initiated the spring force is greater than 


that required to balance Slidingrandtre*topredidim of» the 
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(a) Molybdenite sample. 
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(b) Calcite sample. 


Fig.4.7 Examples of applying geometric correction 


to test results. 
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sample accelerates towards the spring. The top half of the 
Sample will accelerate until the net force on the sample is 
ZELOme (i.e... S = Nw =Kx) then it will decelerate to zero 
velocity over the same distance (i.e. x1!-x) at which point 
the force in the spring will be 
See er(X = *(x2 -x)) = K(2x-xi)j= N(2H,- Hw) 

At this point the two halves of the sample will again stick 
HALT statec friction» is agdin overcome, Note that® in this 
discussion the static coefficient of friction corresponds to 
the maximum shear load. In addition the limit equilibriun 
analysis is a static analysis so that the static coefficient 


SE .EGiction. is applicable. 


To apply the stick-siip: equations: it vis, .pecessary . to 
know the ‘spring’ stiffness. The stiffness was measured with 
a dial gauge measuring the displacement of the top box and 
the load cell was used for reccrding the load. These 
measurements gave a stiffness of 0.8x(10%) pounds per 
inch (1b. /in.). Regular stick-slip wassobserved duting<a test 
on a flat surface of Devcon-on-steel and interpretation of 
+hisweestunhidicated a stiffness of 1.7 (10%) Lbe/in. Using ia 
stiffness of 104% lb./in. and the shear loads measured in the 
tésts would indicate a period (2(xt*=x)) of about 2x(10-*) to 
3x(10-3) inches. The digital printer only gives values at 
about 7x(10-3)inche intervals and therefore regular stick- 


slap) would be hidden in an analysis of the data from the 


72 


{oita ateps (fiw efqwea od? To nowt ed ou? ott tf 


ott to Shed got od? opaiage edt Bm 


eit «lq@sa St? fo soto: tea @ ot 


ores of etereievep Ifiv SBM ae 


gnteq doidw as (x-FR 28s a) 


0 HERS, eae: See 2 ih 

+ gin SEI = (Nerney 4 = A dd =x} oa 
etd at ted¢ etol.egonseve mispe ef ‘sorsobat “atbon on 
or abaogeat ton soitaltt to. sashorRieon! cheese tlie ies 
motsd ht iupe -+ eth edz ROL? Lhis Pass . beot _ ae, poeta 
tneisttse. offsets odd Dedt oa efeyp ions \iebnae ek ele 
-eldsoiiqas ai aot 


‘ies 


an 


% te ll oF? ’, 
ot yaRegeoed at of 2noh} opps ethe~ssten eat.’ 


dtiw fevydasem 28¥ enaatne te ou? aBRORTLE ME " 
bos xod qot est to seeusontqet® odd petreesen oan 
eszedT .bnof of prtbro nes, 20% Seas Fram) Ane ec 
r8q -abawor (OR) 8.00" Ro geondiise 5 ssp 

test s gpitinyh heyresedo 2apy s rsesliihrna dhe xeinped. pre be at) 
to nods scan annee bas depts - m6*no aed to eostine setts 40> 
& potav , TNS (*0) at tT %e nasiht tte 5 soseotbat tae? eee y a 
ed? ob bonveson abeol abies ade bee «nt\.dl or ‘bo aden33ton | 
pt (MOT) ng sods to’ (= >x}S} Bolzeq’s esgatbak Bigow wraed in q 
tp zaulev povip yizo aodmteg Sd alll eaP eines "(OF RE i. 
~fok#e islupex svobersdt tie dteveedat exon bye Ory xT sods ae 
ou? Bot? soteh edt RO eleylsns.te ME eebttd ‘ed ‘Bhvov qite 


phy 


SHEAR FORCE 


DISPLACEMENT 


(a) Typical stick-slip curve. 


N 
| ASSUME 


1, V<< VELOCITY OF M, 
WITH RESPECT TO Mg 
DURING SLIP 


2, DAMPING NEGLIGIBLE 


OO 0 O.0.0 


(b) Idealized model of stick-slip parameters. 


Fig.4.8 Stick-slip in direct shear test (after Coulson,1970). 
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printer. The x-y recorder plots showed small 'jogs' during 
the tests but vertical measurements were taken only on the 
printer and therefore the geometric correction cannot be 
applied ito *the “recorder plédtsaé SPhus tit was ticot “possiblie ito 
fully separate any stick-slip effects that occurred during 


the tests. 


If the irregularities in shear load are primarily due 
to variations of surface material over the sample, then 
perhaps some average value of shear load should be 
considered. There is a higher average around the maximum 
than over the rest of the test; that is, the maximum is not 
an isclated phenomenon during the test. It is somewhat 
difficult to estimate an average shear load accurately, but 
estimates of the average shear load occurring throughout the 
inital tests on ali samples were made. The average to 
maximum shear load ratios were approximately 60% for tests 
on samples from BB-14, &5% for samples from BB-16, and 50% 
for samples from EC-12. These differences are very 
significant and it must be decided which measure of strength 


is ‘applicable. 


The best method of deciding whether to use maximum or 
average shear strength based on test results is by analyzing 
field failures and determining which strength governed. 


However it is desirable to have a working hypothesis as to 
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which strength should be used. The samples tested are 
nominally 2 inches square. If the maximum strength measured 
on each sample correlates well with that measured on all of 
the other samples it could be assumed that this strength is 
mobilized over at least most 2 inch square sections of the 
joint. Tf this is the case, then, on average, the maximum 
strength measured during testing should govern the behaviour 
Of the joint as a-whole. If the hypothesis is not correct, 
it would be expected that factors of safety in excess of 
unity would be computed if failures were analyzed using the 
maximum strength. Analyses of three case histories are 
presented if Chapter) 5. On “the, basis” of | the. wormking 
hypothesis the test results given the next section are based 


on the maximum shear loads occurring during the tests. 


During testing of the samples, repeated testing at 
various normal loads was carried out. It was found that 
shear load versus displacement curves were generally similar 
(SeeCFig, 4.9). Tn-addition, sbhe initial tests aon vangous 
samples at different normal loads fell within the range of 
values for repeated tests. For these reasons it is felt that 
strength values measured on repeated tests were valid, and 
+hese values were included in deriving strength envelopes of 


the joints. 
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Fig.4.9 Repeatibility of test results on a Single sample 
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4.8 Test_results 


The ‘test data from all the smadl samples tested was 
considered in deriving the strength envelopes. When plotted 
as a Mohr failure envelope (shear stress vs normal stress) 
the data could be interpreted equally well by a straight 
aes eens 

T= ct 716, 
or by a power law 

Takis, 
These curves were fitted by a least-squares regression 
analysis. The data was replotted as ¢ ( =tan-! T/fo,) versus 
nopmal stress and this ~plot gives an indication that the 
friction decreased with normal stress. Since the two halves 
Ofvthe Sauples were separated before testing it 1s drfficult 
to assign any physical meaning to the intercept (c) in the 
straight line failure envelope, but it is equally difficult 
to give physical meaning to the coefficients in the power 


law curve. Therefore it is felt that either failure envelope 


could be applied over the stress range tested. 


The strength envelopes for the three types of 
discontinuities tested are (units of psi(pounds per square 
inch) ) 

(1) Brenda molybdenite joints 


(a) Coulomb law 7=1.274+0.385% =1.27+ otan21° 
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(2) 


(3) 


(b) Power law E> Vel 220g, 022809 
The corretation coefficients for (a)-and -(b) are. 0.965 
and 0.966 respectively. 
Brenda calcite joints 

(a) Coulomb law T=2. 8140. 8960, =2.81+ o tans1.70 

(b) Power law T=1.913 re - 803 
The correlation coefficients for (a) and (b) are 0.966 
and 0.972 respectively. 
Endako joints 

(2) Coulomb law 7=2. 86+0.4420,=2.86+ o tan23.80 

(b) Power law TVs 229 ane - 746 
The copretarion coefficients for. (a) and (b)- are. 0.898 
Lorevoth ite | 
The data points and best fit lines and power curves are 
shown fn Figs.4.10, 9.11, and 4.12.< As noted in the 
previous section, these values are based on the maximun 


Shear load measured during the test. 


8.9 Variations.in-resuilts 


eee ee ee ee a ee ee ee ee 


For the Brenda joints studied, the correlation 
coefficients are so high as to indicate that there is 
essentially no difference between ‘the samples. fhe 
Gorreldation coefficient is high for the Endako joints as 
well, but the differences between strengths are higher 


than for the joints from Brenda Mines. This variability 
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Fig.4.10 Maximum strength envelopes for samples cut from 


BB14,molybdenite joint from Brenda Mines Ltd. 
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Fig.4.11 Maximum strength envelopes for samples cut from 


BB10, calcite joint from Brenda Mines Ltd. 
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Fig.4.12 Maximum strength envelopes for samples cut from 


EC12, molybdenite joint from Endako Mines Ltd. 
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is probably caused by the variable thickness of the 
thin, partially weathered molybdenite layer. Goodman 
(1970) indicated that the host material can affect joint 
strength vl the JOant ‘anitilling covers 4211 ‘the 
asperaties but not to a great thickness. The differences 
between molybdenite and calcite surfaces were 
substantial but not surprising. Molybdenite is a natural 
lubricant, consisting of sheets that are linked by weak 
bonds between the sulphur atoms of adjacent sheets. On 
the other hand calcite is massive-structured, consisting 
of trigonal crystals. These structural differences 
account for much of the differences measured in the 


strength values of the joints. 


4.10 Testing of large samples 


To confirm the test results on the small samples 
and to check on Krahn's statement that size effects did 
not exist if the scale of roughness does not change, 
tests on three larger samples were conducted. One sample 
of a Brenda molybdenite joint (BB12-4"x4") and two 
samples of Brenda calcite joints (BC3 and BB5, both 
u"y5%) were prepared. Unfortunately misalignment of the 
new larger shear box arrangement negated initial. test 
results. However the equipment was repaired and repeat 


tests were run on the samples. The results are shown in 
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Fig.4.13 Comparison of strength of large molybdenite sample 
with strength envelopes of smaller samples. 
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Figs.4.13 and 4.14. The strengths measured on the large 
Samples fell well within the range of strengths measured 


on the small samples. 


§.11 Effect of molybdenite on joint strength 


In order to obtain a measure of the effect of the 
molybdenite coating on joint strength, the molybdenite 
was dissolved off the surface of one of the samples (2- 
BB14) using nitric acid and the sample was retested. The 
surface profile was measured before testing and the 
calculated surface parameters Pee ed essentially 
unchanged from those obtained before the initial 
testing. After testing the sample did not show the 
characteristic fine blue-gray streaks exhibited by all 
the nolybdenite samples’ so it is ,eeélt that most, if not 
all, of the molybdenite was removed. As can be seen in 
Fig.4.15, considerably higher strengths were measured 
after the molybdenite was removed. The exposed material 
that had been under the molybdenite was ae phyllo- 
Silicate, probably mainly chlorite, Chlorite has a sheet 
like structure but there is electrical bonding between 
the sheets, as opposed to the weak intermolecular bonds 


between molybdenite sheets (Berry and Mason, 1959). 
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Fig.4.15 Effect of molybdenite on strength. 
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4.12 Joint roughness 


Some typical values of joint roughness parameters 
and strengths are given in Table 4.4. The main 
conclusion from this iabne fo Vehet seis the “joint 
material, not the roughness which dominates the strength 
values. A factor of 2 to 3 in roughness parameters gave 
very little difference in strength, but a similarly 
rough surface in different materials gave very different 
strengths. Some typical surface profiles drawn ata 


natural scale are given in Figs.4.16 to 4.18. 


Comparison of profiles along different lines on the 
Same samples gave maximum deviations from the average of 
66% for RMS, 32% for Z2,, and 40% for Zs: Considering the 
discussion above these differences are not considered 


Significant and a single profile would adequately 


represent the sample. 


4.13 Comparison of strengths with data_from other 


sources 


(a) Calcite joints 


The only comparable data found was given by Coulson 


(1970) who tested joints in siltstone, most of which 


were covered with a thin layer of calcite. An analysis 


of his data on calcite surfaces tested at or below 50 


87 


usev sotays mod PS 
cian ot tse kde ak none pana: ai 
tusot edt ef FB todd at ‘pides ade sort me 
dtpreite ed? asetantaos fokaw aawede oor’ et? $00 hs 


sisteowsntsq aasakpwer #nloE to’ 


evep atetossarsq seend pve a a ot S$ fe, aaa Ril) ¢ 


visslieta os tod ,dtpeeatte 2 vonaap22Eb testy 


toate MWis yxy aver eletiotsa snore 2dib ‘at sostave | pyo ee 
s +» awexrh epeftioriq essixoe Ladtqyy ono snereneath 
Of. of Of, tveplt af sovip ex6 elave Letts as 


edt ao eentil *neteaish paols pelttozg 36 non tzsquo? ‘a ae 
to epetevs ad? wott anoltsiveb, avalxea ovew aslquea 8 | 
ans eeitebinecd 1,3 20% ROW Ban 4.8 103 RSE ane oe ba 
heveblenon toa 835 esoreteT2 Ib 9 nats evods c 


yietsupebs bSigow elitotq Sipste s bas sms daapte 


sonyaae and 
ped? 0c ata Ais tiemiate 20_ nox izegnod mere 
ot 7: 
\  eektot etfomed (ay 


woeivoD yd nevip eaw See0% siah ofdetsqaooyeine edt : 
Avidw %o teom ,2eno?etite ni etniot bases otw qovery 
gteyisns nk .a#tfoien to teysl aidd e dette Bemeven srev | 
02 wofed to +8 rig onl aeostine ettoiee nO nee ieee to, 


TABLE 4.1 


Roughness parameters and strengths 


{ Sample | Size : RMS { Zo 

{| Number | Cia.) { 

Molvbdenite coated joints { 

| 1-BBI4G | 2e2 1 0.00290 | 0.08987 
Go-BBIe VE 2x2 CG. UCST2 or 1wses 
| BB12 | 4x4 Pa O178S 1). 18500 
Calcite coated joints { | 

{ 1-BEB10' |} 2x2 PO 6s MiCsoss4s 
{ BCs | 4x5 rust 2550; [0.100 7> 
i BBS | 4x5 0.03809, [70 ..15494 
Endako molybdenite joint | 

t T=ECI2 | 2X2 feo 7 0139s fo. 22256 


Effect of molybdenite on strength 
Sample 2-BB14 2x2 

Before ist tests meer OC eta 1" 0. OSHS 

After 1st tests |} 0.006882 (° 0.08383 

After 'moly* removed 0.00717 | 0.10494 
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Fig.4.16 Roughness plots for Brenda molybdenite samples. 
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(b) Large sample. 


Fig.4.17 Roughness plots for Brenda calcite samples. 
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Fig.4.18 Roughness plot for Endako molybdenite sample. 
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psisgave ‘ani“avera ge” initiali¢ \of 5504 ahd <n) ‘average 
ultimate @ of 36.69. However geometric effects were 
considerable with i-angles varying from 5.79 to 34.90 at 
initial strengths. The average values corrected "Lor hthe 
geometric component gave initial (¢-i) values of 37.39. 
The calculated i-angles for several tests run by the 
auchom irang edt from > 0 29 tol TI2 CADE ‘al vVallue? of GO toro 
were added to Coulson's (¢-i) values, this would give a 
Poseud on fang le? of. 10), prjust aislightlyce css 4 than cthat 


reported by the author. 


Horn and Deere (1962) studied the friction of very 
smooth surfaces in Minerals. For oven-dried/air- 
equilibrated sample they found a coefficient of static 
£ractyoneort (04 12-0. 14 utor cadicatesande0.2 Setorichlorite:. 
However these values would not apply to natural subraces 
with variable roughness and contamination with secondary 


minerals. 
(b) Molybdenite joints 


The only data found that -might be comparable is 
that given by Brawner (1970). For the proposed Valley 
Copper pit in’ British ~columbiaehe reported: “strength 
parameters of a "quartz vein molybdenum slip", over a 
normal stress range..of 130 to) 350 psi, to: be c= 10 ) psi, 


and © =) 359.9% No) detaits) ate given but it» is quite 
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possible that the veins tested were 'thealed!' and intact, 
as opposed to the open joints tested by the author. If 
this were the case, higher strength values would be 
expected for Brawner's tests. For similar tests to those 
of Horn and Deere, Bowden and Tabor (1973) reported a 
Watue “Of “about .0.2 for the coefficient of friction of 
molybdenite erystais, but again thisivalue is for very 
smooth surfaces. A study of shear plane failures at 
Endako Mines mentioned previously indicated a friction 


angle of about 34° for quartz-molybdenite veins. 
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5.1 General 


Except for discussion the final step of a case history 
is to use the strength parameters obtained from a testing 
program in an analysis of a failure and to compute the 
factor of safety. If the computed factor of safety is close 
to unity, the case history in general confirms the 
assumptions made and verifies the methods followed. However, 
even if the factor of safety is close to one, several 
aspects of the case history may be incorrect but 
compensating. If the computed factor of safety differs 
Significantly from one, some aspect (or aspects) has (have) 
been incorrectly “interpreted or Some assumption regarding _ 
details of the failure is incorrect. If the nature of the 
slide is basically Simple iat may be possible to 
quantitatively estimate the errors involved in obtaining a 
factor of safety other than unity. The aspects of the case 
history which» “ares important “are: ) (jr vene geometry and 
kinematics of the  problen, (2) external factors (water 
pressures, seismic loading), (3) strength parameters and (4) 


the method of analysis. 


Details on obtaining the strength parameters for these 
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case histories have been given in the previous chapter and 
it is felt that these strength parameters should reasonably 


represent the strength of the mass in the field. 


The external factors for these case histories are not 
known and must be assumed. These relatively small slides did 
not affect mining operations and therefore were not recorded 
by the mine personnel. Fairly long sections of the wall are 
blasted at once and it would seem reasonable that blasting 
of adjacent sections of wall would not induce high seismic 
loadings unless the wedges happened to occur near the end of 
a previous section. For the analyses it is assumed that 


seismic loading is zero. 


The joints forming the bases of the wedges of all these 
slides are shallow, open, continuous, and daylight on the 
Slopes. Under these conditions it seems unlikely that water 
presstires would build up along the joints. It is possible 
that the slides could have occurred in the spring with the 
wall surface frozen while free water existed within the 
slope. In this case the resisting force on the sliding mass 
would have been reduced by about one-third if static water 
pressure built up. to. the top Surface. However 1t 1s not 
clear that this situation necessarily arose. It was assumed 


that water pressures did not exist in the slopes. 


The third factor to be considered is the kinematics of 


95 


febresst ton stew anotsred? ons eagktisteqo patna 


_oestt Efe to eaghew edt to segad ““ eatazot oe, 


has retgsed> avoivergq etd ai a 
an wd yA an a ete a a ras 
yidsnozset Siwode atotomsreq wns a zone 


~bLett, ad? . gk evan. he te 


/ oe 
ton eis zabtoete Ed exan canis 10% exofoo8 Lamas 


hib eehifa. Llane (ovlss Lon; engi «bemmaes: edd 


azs Liew odt 20 eacktoos paok eleiat feanoazeq oatare 
prites!d tedd slasnoeres weet Bee VE Bas ‘euno san! 
oineiea ¢phd otwint ton biaow Biew So anoltoee. ; 
te bas od nad wodo of bemeyqad wep hav, odd eesinn | 
ss4#% bonuses wt #f seeylsads ety z0F wodso0s evotverg 
Loren: ab (pntbsol ots 

eels 


= \ i eS) oe 

ane? ao tadetty BE bits Perey ere ‘n0qo_ wok toda o18 2 
atitais'¢ is yvia 

tetav dard eled ies ameoe ot anottibaos seedd teban ee 
> a aaa Lo e ys ‘on 

sidtaeag ei +1 - 220 £6F ody poole gy orted tint Peruse 2014 


a ! iyi ae . hia 


on? dAciw pataga od? at berate wad Sees eobh ie. naar oF 
brie viw 
ait abidttv fegeixe a0) 50 got" oltdy peel ‘esmhalens : 


a48 ar? 
pes palhife att 26 enrzet pubdebags add 9289 ons nr’ 

Lee ert G 
tetaw sitete 22 BalA* ene tyords t@ hevebex sees nie dt 

(i Sy aig ae 


ted af ti Tavewon spb tage qo% sat a sited 39% 
“A 4 ae 7 

heavtes zsw 1D .onens rf tisaneoon coizentte ekds ¢ 3 
ie on 41 x: oe 


eoqola ed? at taixe ton bib sezennectg aesev sods 


hve a 
, - ' 


nay head ae mt 


to estismenit sft ” Reteitenus sil as saa or: oe oe 


the failure. For the ce es Shape slides to be analyzed 
sliding could possibly occur on either of the basal planes 
or on both simultaneously (in which case, sliding must occur 
alongp they linessofip intersection |.of,: the. two, planes). <tf 
sliding can occur on one plane it will do so in preference 
to sliding on both planes as the sliding on both planes must 
overcome resistance on both planes and must occur at a 
Shallower dip than the down-dip direction of one plane. For 
sliding to be possible on one plane sliding down the dip- 
direction of the plane must not wedge the block against the 
Other plane (see Hendron et al., 1971). Tf the ‘only “force 
acting on the wedge is self-weight this can be interpreted 
visually. When looking along the line of intersection the 
apparent dip of the plane on which sliding occurs iS away 
from the ‘line of /intersection.,. For the three slides 
considered, sliding is possible on the right sides of the 


wedges. 


The method of analysis selected is a conventional limit 
equilibrium analysis. The planes on which sliding occurs are 
not parallel to the slopes so that a conventional infinite 
slope analysis cannot be used. The widths of the planes 
increases up slope so that the areas over which a cohesion 
intercept . would act change over the slopes (if a Coulomb 
type failure envelope is used). However if the strength is 


Considered purely frictional both the driving force and 
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resisting force will vary directly with the weight of the 
mass and will “cancel out" in computatdonifo£ the, fdctor of 
safety, i.e. 


F.S.= resisting force = N_tandg! =(Wcosa) tang! = tang! 


en nee ee ee ee eee ee ee oe ee ae ewe ee ee — se ae 


driving force 5 W Sink tang 

In this formula, & is equal to the dip of the right side of 
the wedge, and gt is an “equivalent friction angle." For the 
Mohr-Coulomb failure criterion: 

i = tan-! (t/a) = tan~? ((C/ottan¢?) 
For a power law strength envelope: 

gt = tan7l(t/eie = tanger (k oO" 705) Syitanet Gees st) 
These equivalent friction angles depend on the normal stress 
level. For the slides considered the average normal stresses 
on the sliding surfaces were computed on the assumption that 
the bulk density was 160 pounds per cubic foot,and inserted 
in the above formulae with the strength parameters obtained 
from testing, and the average tang! from the two formulae 
was computed to give working values. These are: 

(1) Brenda}slide no. 1, ¢1= 28.19 

(Z) Brenda Slide no. 2, g1= 56.49 

(3) Endako Slide, pi= 40.20 
The differences in tan calculated from the two formulae 
were 2% Bto wQrwot ~the javerage. “Values of } are shown 


together with strength envelopes in Fig.5.1 


Placing these values into the formula for the factor of 
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Fig 5.1 Equivalent friction angles for analyses of slides. 


safety we obtain: 


(1) Brenda Slide no. 1 


FeSe= tan 28.19 = 0.46 

tan 49,40 

(2) Brenda Slide no. 2 
P.S.= tan 56.49 = 0.86 


See eee ee oe ae ee 


(a) Brenda Slide no. 2 


AS was mentioned in Chapter 3 one of the reasons for 
choosing to study these slides was their simplicity. All 
three slides occurzedeasiznzegideblock failures on one plane 
covered with one material. However a number of assumptions 
had tec be made in all three case histories and the effect of 


possilly 2ncorrect assupptions will vary, for each failure, 


The calculated (factor of safety ‘for this slide is 0.86. 
This value is felt to be reasonably close to the anticipated 
value of unity. Since the maximum normal stress that does 
occur is 12.6 psi, the data was re-evaluated using the tests 
FOLg, Which)the Mmormalesttess was elessathanh12.6wpsiselfithis 
is done the average equivalent friction angle rises to 58.690 


qivingva factorsom satetyvorm 0.945. the snail block of ~ rock 
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that remained on the right side of the failure plane (see 
Fig.3.6) was not measured, but its height was judged to be 
avout “one=ehird of the height of the failed portion. This 
assumption would give an average normal stress under the 
Diecky Ofmjahout #06 psf or 0.7 psi.” Go extrapolate data to 
this low value would be dangerous, but an equivalent 
£riction angle would certainly be in excess of 609, 
indicating that the block is stable. Thus the presence of 
the small block would indicate that the method and 


assumptions of the analysis are baSically correct. 
(b) Brenda Slide no.1 and Endako Slide. 


The relatively low factors of safety computed for these 
two slides indicate that some aspect (or aspects) of the 


case histories is (are) incorrect. 


in, <order mito expect: “a-tagtor of "safety of, unity,in a 
back analysis it is implicitly assumed that a slide was at 
the:-point or SM a when failure occurred. Consider the 
proposed cut shown in Fig.5.2(a). Before the.cut_is, made the 
area is stable because of the complete confinement provided 
by the material in the proposed cut. If the cut were made 
instantaneously failure would occur immediately 
(Fig.5.2(b)). The slope has ‘passed through' the point of 


limit equilibrium. 
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(b) UNSTABLE 


(could not exist) 


tan @ | PARTIALLY REMOVED 


POSSIBLE COMPOSITE 
FAILURE SURFACE 


hoy “FAILING * FFs.) 
(at point of limit equilibrium) 


Fig.5.2 Possible failure conditions in rock slope with 


computed factor of safety less than unity. 


RUBBLE FROM BLASTING 
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in practice the cut is made gradually by blasting the 


cut, then hauling the rubble away. Part of the resistance to 


sliding of the slope is provided by the rubble, and this 


resistance will decrease as portions of the rubble are 
removed. At some point before all of the rubble is removed, 
thesefeactonfofssafetyivilircdropictooqunity, tat ewhich epoint 


fsrtunre wali eccura (Pigs 5e2 (c)) & 


There are other possible reasons for obtaining a factor 
of safety less than unity for these slides. The surfaces 
forming the left sides of the wedges may not have been open, 
continuous joints as assumed. Some smaller blocks’ beneath 
the assumed left surfaces may have been integral parts of 
the main slide masses and might have been carried down with 
the main slide masses, if they were favourably oriented. As 
these smaller blocks were pulled out of the left sides of 
the walls, shearing resistance would have been developed 
along the edges of the blocks, increasing the factor of 
safety. Alternately the contacts between these small blocks 


and the main masses may have failed in tension or shear. 


For the slide at Endako the failure surface was not 
accessible and was partially covered with debris. It is 
possible that the slide surface was not continuous but 
contained bridges of solid rock that gave an “effective 


cohesion" strength component to the surface. However the 
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surfaces of sliding at Brenda were fully exposed and there 


was no evidence of rock bridges. 


For Brenda Slide no. 1 approximate analyses were 


carried out to determine the magnitude of restraints 


required to give a factor of safety of unity. Assuming a 
density of 160 pounds per cubic foot(pcf) the weight of the 
Sliding mass was calculated to be 2.48(10°) pounds or about 
17256 tons. Resolving the weight normal and parallel to the 
Gap=6 Jrection® atd’ cousidering the ‘frictional “resistance 
leaves an unbalanced force down the plane of about 7.5(105) 


pounds. 


If small rock rock bridges existed along the left side 
of the wedge, these would have to fail for the mass to 
Slide. The direction of movement (down-dip) has a small 
component away from the line of intersection. As a rough 
approximation it could be assumed that the rock bridges 
failed in shear under zero normal stress. Using the strength 
law for intact rock proposed by McClintock and Walsh (1962) 
the shear strength would be equal to twice the tensile 
strength. Asstming a tensile- strength of 1000 pounds per 
Square inch, approximately that measured in Brazilian tests 


on granite (Peng and Jchnson,1972), would give a required 


contact area of: 
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A= 7.5(105) = 375 in.? = 2.6 ft.2 (square feet) 


The area of the left side of the failure mass was calculated 
to be 880 f£t.2, so the required degree of dues neinaity of 
the joint forming the left side would only be about 0.3%. 
hrs is so-small that it would be essentially impossible to 
realize that it existed if the joint had been sampled by 


borehole techniques. 


Resistance to sliding might have been provided by 
rubble at the toe of the slide. If we consider a horizontal 
force, R, applied perpendicular to the strike of the failure 
plane, we can resolve this force parallel and perpendicular 
to the dip-direction. The parallel component will act up the 
plane and will be equal to R cosa, where 4is the dip. The 
normal component will also increase the resistance to 
sliding by increasing the normal force on the plane. This 
increased frictional resistance will be equal R sing tan¢. 
Equating the sum of the increased resisting forces to the 
excess driving force gives a required horizontal force of 


7(195) pounds. 


To obtain an estimate of the amount of rubble required 
to provide this horizontal force, it was assumed that the 


rubble surface was horizontal and the shear strength of the 


rubble was given by a friction angle, ¢, of 45°. To analyze 


the problem as a two-dimensional passive resistance 
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situation, it was necessary to consider an equivalent force 
per foot oun of the slide. The slide would push as a 
triangular shape into the rubble. For the same height and 
area as the triangle, it was calculated that the width of an 
equivalent rectangle would be 0.77h, where h is the height 
of the rubble above the toe of the slide necessary to 
provide the required horizontal resistance. Therefore an 


equivalent force per foot would be given by R/(0.77h). 


This ¢quivailent force per foot can then be compared to 

the classical passive force, P, given by: 
P=0.57 Kh2 

where y = density of the rubble 

K = coefficent of passive earth pressure 
Considering a porosity of about 20%) for the rubble the 
density of the rubble would be 130 pounds per cubic foot. 
The coefficient of passive earth pressure is given by: 


RK = tane (§50+¢/2) = 5.8, for’ 6 = 750 


Or: 


Solving for h gives a required height of rubble above the 
toe of about 8.5 feet. To satisfy the passive failure 


assumptions the horizontal rubble would have to extend about 
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20 feet out the wall. 


Tt Us feltethat the ~moste likely cause of the low 
factors of safety obtained was the presence of blasted 
rubble at the toes of the slopes, that was not accounted for 
in the analyses. Tt should be noted that if the slides had 
been back analyzed, using the same assumptions, to obtain 
shear strength parameters, the calculated strength 
parameters would be higher than the actual parameters. This 
indicates that strength values obtained from back analyses 
of slides may be considerably in error, on the unsafe side, 


if the complete history of failure is not known. 


The fact that no factors of safety greater than unity 
were computed indicates that the working hypothesis was 
probabiyteorrect, orp tate least, jdoes'« not prove that the 
hypothesis is incorrect. Thus it can at least tenatively be 
assumed that the maximum shear strength measured in direct 
shear tests on joints at low normal stresses governs field 


behaviour. 
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CHAPTER 6 


SUMMARY 


Rock slope ‘stability is" at fednplexi? problem) tbut tha 
considerable amount of theoretical work has been done on the 
subject. Case histories to give confidence to these 
theoretical solutions are now needed. Three case histories 
Were «studied in an attempt “to ‘contribute to fufilling the 


need for case histories. In studying these case histories 


several interesting points were developed. 


The drilling procedure ‘used and described was 
reasonably successful in obtaining samples. Block sampling 


was also found to be successful on exposures. 


During the testing portion of the work it was found 
that repeated testing on natural joints at low normal 
stresses gave reliable strengths. It was also found that 
testing of small samples gave strengths comparable to those 
obtained on larger samples. These two factors allowed a 
large number of tests to be conducted on a relatively small 


amount of sample. 


Over the range of normal stresses used during testing 
it was found that the data could be fitted equally well toa 
straight line or a power curve.However the straight line had 


a "cohesion" intercept. Since the samples were originally 
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separate blocks and bepeatredaytesting indicated. *that: no 
significant surface damage occurred during testing, it is 
difficult to assign any physical meaning to a cohesion 
intercept. Thus it is felt that a power curve fitted to the 
data gives a more reasonable representation of the decrease 


of friction with—increasing normal stress. 


The molybdenite joints tested had a relatively low 
Shear strength ccmpared to the calcite joints tested. This 


finding was expected as molybdenite is a natural lubricant. 


The three case histories studied were small, bench-size 
failures chosen for their simplicity. Unfortunately, as in 
moster casesuhistories;? falls off : thescdetaiisn?’ of) othesthree 
failures were not known and assumptions had to made. In one 
case history, the results indicated that the assumptions 
were reasonable, but in the other cases it appears that the 


pre-failure geometry was more complex than had been assumed. 


The case history of Brenda slide no. 1 would indicate 
that the methods followed presented a reasonable approach to 
evaluating the stability» ofrock Slopes; atrleasteforiosmald 
failures!) yvoeccurrangioncontinuous;erelbativedy pianarigoints; 
Thasitype of failure can be’ important inicut “slopes around 
civil engineering works or on access roads in open pit 
mines. This case history indicates also that the maximum 


strength measured in testing, at least at low normal 
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stresses, governs the field behaviour. 


The two case histories that gave low factors of safety 
indicete “that *back-enalyses of i) slides: to obtain +shear 
strength parameters may give results higher than the actual 
strength parameters if all of the details of the slides are 


not known. 


I. 2s hoped that future similar contributions will be 
forthcoming with more details of the failure history 
available. Increased co-operation between researchers and 
mine personnel could result in the recording of these 
details. In addition studies of larger slides might give 
better results as effects of boundary conditions should 


generally be less. 


Fanally?@at, is hoped that “some of (the . principles 
described in this thesis will be applied in field 
situations. Black and Hoek (1967) stated the results of 
faidure, to.0applyo. theeP princi pleestogatrock onechanitcsipas 
follows: "The... penalty eforeithe, practical engineer £00k 
attempting to defy the known laws of strata behaviour is 
inexorably exacted in hard economic terms and sometimes in 


blood." 
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Tables A-1 to A-4 summarize all the strength testing 
done for this thesis. The shear strength,7r, for each test is 
based on the maximum shear load measured in that test as 
recorded by the X-y recorder. These values of + will not 
coincide exactly with those shown on the following pages 
which are based on the recording done by the digital 
printer. Generally the strength based on the digital printer 
recordings is 5% to 10% lower. The angle shown on the 


tables is equal to tan 1(t/o,)- 


The remaining pages of the appendix give typical test 
results. At least one test on every sample tested is given, 
and a complete series of tests on one sample from each field 
sample used for the small tests is given. The identification 
of each test is of the forn k-limm-n, where k= lab sample 
number from field sample llmm and n= repeat test number, 
Os) sa eS blank, this indicates the initial test on the 
Sample,, af n= Wy this wndicates; thewtirst repeated test. on 
the sample etc. The normal load is given for each test and 


the sample area at the start of the test (AO) is indicated. 
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TABLE A-2 


TEST RESULTS FOR SAMPLE BB10 


NG. Ist Testing 2nd Testing 3rd Testing 4th Testing 5th Testing 
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